Background Electron beam melting (E-beam) is a new technology to produce 3-dimensional surface topographies for cementless orthopedic implants. Methods The friction coeYcients of two newly developed E-beam produced surface topographies were in vitro compared with sandblasted E-beam and titanium plasma sprayed controls. Bone ingrowth (direct bone-implant contact) was determined by implanting the samples in the femoral condyles of 6 goats for a period of 6 weeks. Results Friction coeYcients of the new structures were comparable to the titanium plasma sprayed control. The direct bone-implant contact was 23.9 and 24.5% for the new surface structures. Bone-implant contact of the sandblasted and titanium plasma sprayed control was 18.2 and 25.5%, respectively. Conclusions The frictional and bone ingrowth properties of the E-beam produced surface structures are similar to the plasma-sprayed control. However, since the maximal bone ingrowth had not been reached for the E-beam structures during the relatively short-term period, longer-term followup studies are needed to assess whether the E-beam structures lead to a better long-term performance than surfaces currently in use, such as titanium plasma spray coating.
Introduction
Cementless Wxation is used in about two-thirds of all primary total hip replacements (THR) in the United States [1] . Although the overall results of THR are good, 5-10% of the cementless implants still fail within 10 years of implantation [2, 3] . Instability, aseptic loosening and infection are the most important reasons for implant failure within 5 years of implantation, whereas aseptic loosening is by far the main reason for failure after 5 years [4] . The etiology of aseptic loosening is multifactorial: wear debris, stress shielding and micromotion at the bone-implant interface play a role [5] . The frequency of failure is likely to increase due to the implantation in younger and more active patients [6] . Revision surgery after failure of an implant creates large burdens for both the patient and society [7] ; thus, there is a need for improvement of cementless implants in order to avoid aseptic loosening. Although the process of aseptic loosening is not completely understood [2] , roentgen stereo-photogrammetric analysis studies have shown that long-term loosening rates after a mean follow-up period of 8 years were highly correlated with early postoperative migration [8] . This strongly suggests that inadequate direct postoperative bone-implant interface characteristics play a crucial role in the fate of the implant behavior and its survival. A high friction coeYcient between the implant and the bone will enhance initial stability with low micromotions at the interface [9] . SuYcient frictional stability will enable bone ingrowth into the surface of the implant, resulting in a long lasting mechanical interlock of the implant and optimal secondary mechanical stability.
In this light, a new implant should be designed not only with respect to mechanical properties (mechanical strength and elastic modulus of the bulk material) and surface chemistry, but frictional and bone ingrowth properties should be taken in account as well in order to avoid implant failure [10] . This can be achieved by selecting the optimal combination of surface roughness, pore size and porosity of the ingrowth layer [11] . With respect to initial stability, it has been demonstrated that an increased roughness creates more interface friction in addition to an increase in bone ingrowth (measured by bone-implant contact) [12, 13] . With respect to secondary stability, coatings with porosities of 50% show good survival [14] ; furthermore, a substantial increase in Wxation strength can be obtained by increasing the porosity of implants to 75-80% [15] . It is necessary to have interconnectivity between the pores in order to permit bone ingrowth [16] . There is, however, an upper limit in the porosity due to the restrictions associated with mechanical strength properties [17] . In general, a high porosity is related to an increased pore size. With respect to pore size, a diameter of at least 100 m is needed to allow bone ingrowth and eventually vascularisation [18] . Although the optimal pore size has yet to be determined, it is evident that this parameter too aVects bone ingrowth [17] .
The aforementioned surface characteristics of cementless implants can be modiWed by various techniques, such as plasma spraying or sintering of metal powder and Wbers. A particularly promising and relatively new technology to produce new surface geometries is electron beam melting (E-beam) [19] [20] [21] [22] . Based on rapid prototyping technology, implants are built up from metal powder in a 'layer-bylayer' fashion. Each layer is melted by electron beam exposure to reproduce the geometry deWned by a 3D CAD model. The E-beam technology enables the production of specimens with both solid and porous zones, which makes it possible to produce a solid implant with a porous surface structure in one manufacturing step [21] .
For this study two new E-beam engineered surface topographies were produced. It was hypothesized these two structures referred to as the 'wave' and 'cubic' topographies would provide for both high frictional properties and adequate bone ingrowth characteristics.
This resulted in the following research questions: (1) Do the new surface structures provide enough friction at the bone-implant interface in order to achieve initial stability? (2) Do the new surface structures allow good bone ingrowth compared to conventionally made implant surfaces?
Materials and methods

Implants
The implants were made out of Ti6Al4V powder and produced with E-beam technology (Eurocoating SpA, Trento, Italy). In total 28 Xat specimens were produced for the friction experiment and 24 cylindrical specimens for the in vivo experiment. The powder size used in the E-beam process ranged from 45 to 100 m. The E-beam specimens were created using a 3D CAD model which was segmented into layers of 0.1 mm in order to generate layer information. Subsequently, a homogeneous powder layer was applied on the process platform in a vacuum chamber at constant high temperature ( §700°C). The electron beam scanned the powder layer line by line and melted the loose powder particles at programmed locations forming a compact layer in the desired shape. The process platform was then lowered by one layer thickness (0.1 mm) and a new powder layer (of 0.1 mm thickness) was applied after which the process is repeated [19, 20] . Upon completion, all specimens were sandblasted with corundum and cleaned in a speciWc washer for medical devices. Subsequently, the specimens are dried, packed and steam sterilized in an autoclave. The overall accuracy of the E-beam technology in terms of computer model reconstruction, and thereby the tolerance of the E-beam specimens, is §0.15 mm. The adhesive strength (test described in ASTM F1147) of the specimens was >50 MPa and the Taber abrasion test (as described in ASTM F1978) showed a weight loss after 100 cycles of 44.00 § 8.42 mg for the wave and 27.78 § 4.51 mg for the cubic structure.
Four diVerent specimens were made with the E-beam technique. Two experimental porous specimens, each with a unique surface topography (either "wave" or "cubic", Fig. 1 ). And two solid, control specimens; one with a commercially available conventional titanium plasma spray coating (TiPore, thickness 350 m) [23] and one that was only sandblasted in order to remove particulate debris) (Fig. 1) . To characterize the topographic surface structures, the specimens were embedded in methylmethacrylate (MMA) and analyzed by light microscopy (Axioplan 2, Zeiss, Oberkochen, Deutschland). Surface roughness values of the specimens were determined using a Universal Surface Tester (UST) (Innowep, Wurzburg, Germany).
Friction experiment
Friction at the bone-implant interface of the two new surface structures and the two control surfaces was evaluated using seven specimens from each group. The surface structure was applied on one side of the Xat specimen (7 £ 55 £ 4 mm), whereas the other side was polished.
A complete femur was obtained from a fresh frozen human cadaver provided by the Anatomy department of the Radboud University Nijmegen Medical Center according to Dutch law. Box-shaped bone samples (12 £ 20 £ 4 mm) were machined from the cortical bone of this femur. A DEXA scan (QDR 4500, Hologic Inc., Bedfort, MA, USA) was performed to deWne the bone mineral density of each bone sample (average BMD = 0.371 g/cm 2 , SD = 0.047 g/cm 2 ). Subsequently each specimen was assigned to a speciWc bone sample, randomizing for BMD. The bone sample was securely placed in a jig and the specimen was positioned against the bone sample, clamping it with a lowfriction roller bearing. Subsequently, this setup was placed in a 37°C water basin and stabilized by a counterweight providing a normal force (Fn, 40 N) (Fig. 2) .
A material testing system (MTS 458.2 MicroConsole™, Minneapolis, MN, USA) was used to rub the titanium specimens alongside the bone specimen with a Wxed displacement rate (0.33 mm/s) over a distance of 30 mm. The required force was measured and divided by the normal force in order to deWne the friction coeYcient.
In vivo experiment
Surgery was performed on six (sample size calculation: power = 0.8, = 0.05) female, skeletal mature goats (Capra Hircus Sana), weighing 47-72 kg (mean 55). Each goat received four diVerent cylindrical implants (Ø 8 mm, length 10 mm), two with the new topographic structures and two controls. Three diVerent implantation areas on each of the hind legs were used: the lateral femoral condyle, the medial femoral condyle and the region dorsal of the femoral trochlea. The used model was combined out of two existing models [24, 25] in order to maximize the amount of specimens in each goat. The new and control surface structures were equally divided among the implantation areas, by which two out of six implantation areas in each goat were not used.
The goats were anesthetized with propofol (4 mg/kg, B. Brown, Melsungen, Germany), intubated and anesthesia was maintained using isoXurane. The goats were placed in a supine position and the implantation procedure was performed under strict sterile conditions. The knee was approached medially, visualizing the origin of the medial collateral ligament. Just proximal to the origin a hole was drilled into the medial condyle. Sharp cannulated drills with an increasing diameter (Ø 6.0 and 8.0 mm) were used. Saline was used during the drilling to prevent heat-induced necrosis. The hole was inspected to guarantee the specimen would be completely surrounded by trabecular bone. The implant was inserted into the hole and the facia and skin were closed separately with resorbable sutures. This procedure was repeated on the lateral condyle and a third area located proximal to the hole in the lateral condyle, perpendicular to the cortex. In this way the specimen was implanted dorsal of the femoral trochlea. The goats received postoperative ampicillin (7.5 mg/kg Intervet, Boxmeer, The Netherlands) for 4 days and were housed at a farm. Fluorochromes were administered by subcutaneous injection at 2 (tetracyclin), 4 (xylenol orange) and 6 weeks (calcein green) after surgery during 2 days in order to make it possible to assess bone ingrowth at these time points. Goats were killed 6 weeks and 2 days postoperative by an overdose of sodium pentobarbital (Euthesate, Ceva Santa Animale, Libourne, France). This study was approved by the animal ethics committee of the Radboud University Nijmegen and the NIH principles of laboratory animal care were followed.
Histological analysis
After sacriWcing the animals, the distal femurs were retrieved. Each specimen and the surrounding bone tissue was Wxed in phosphate-buVered 4% formaldehyde solution for 4 days and embedded in MMA. Slices of ca. 40 m, perpendicular to the length of the specimen, were cut using a sawing microtome (SP 1600, Leitz, Wetzlar, Germany). Quantitative analysis of bone ingrowth was performed using Xuorescence microscopy on unstained slices and light microscopy on hematoxylin/eosin (HE) stained slices.
Each slice was analyzed using AnalySIS (AnalySIS 3.2 Soft Imaging System, Münster, Germany). For the bone ingrowth depth measurement, the sectioned specimen was divided into 4 quadrants and bone ingrowth depth after 4 and 6 weeks was measured in each quadrant. The ingrowth depth used for analysis was deWned as the average of the maximum ingrowth depth for bone (distance from the outline of the specimen to the deepest Xuorochrome label, Fig. 3 ) in each of these quadrants. The surface areas of bone and pores inside the specimen were measured. Subsequently, the percentage of bone (bone area %) in the porous area of the specimen was calculated by bone area/porous area. It was not possible to measure ingrowth depth and bone area % for the sandblasted and the plasma sprayed coated specimens, due to the solid structure of these control specimens.
Direct contact between bone and the specimen inside the pores was projected on the circumference of the implant. The percentage of direct bone-implant contact was deWned as the sum of these projections divided by the circumference of the specimen (Fig. 3) .
Statistical analyses
An unpaired t test was used to compare the friction coeYcients of the new surface structures with the controls. SPSS (16.0, SPSS Inc., Chicago, USA) was used to perform a multivariate regression analysis of friction, with surface structure and BMD as predictor variables. Statistical analysis of the in vivo experiment was performed using a Mann-Whitney U test for both ingrowth depth and bone area percentage. A univariate analysis of variance of the ranked results was performed for direct bone-implant contact using the following Wxed factors: surface structure, implantation area and goat. Statistical signiWcance was set at p < 0.05.
Results
Implant characterization
Analysis of the embedded specimens by light microscopy showed that the wave and cubic structures had average pore sizes of 0.9 and 1.2 mm and porosities of 49 an 77%, respectively. The nominal thickness of the porous layer was 1.35 and 1.95 mm for the wave and cubic structure, respectively.
The results of the roughness measurements showed an average surface roughness (Ra) of 6.34 for the wave structure, 5.22 for the cubic structure, 6.09 for the titanium plasma sprayed surface and 3.52 for the sandblasted surface.
Friction experiment
The average friction coeYcient was 0.68 (SD = 0.04) for the wave structure and 0.63 (SD = 0.03) for the cubic structure. The average friction coeYcient of the controls was 0.64 (SD = 0.04) and 0.49 (SD = 0.06) for the titanium plasma sprayed and the sandblasted specimen, respectively. The friction coeYcient of the sandblasted specimen was signiWcantly (p < 0.001) lower than the new surface structures and the titanium plasma sprayed control ( Table 1) .
The multivariate regression analysis showed that the variation in BMD had no signiWcant inXuence on the frictional properties of the surface structures.
In vivo experiment
Clinical evaluation
No intraoperative complications occurred during surgery. All goats were fully weight bearing within 1 week after surgery. Swelling of the knee was seen in three goats, without causing general illness of the goats. This indicates that there was no infection, which was conWrmed by postmortem tissue cultures beside the implantation locations.
Histology
The HE-stained slices showed bone ingrowth into the pores of the new surface structures (Fig. 4) . The results for ingrowth depth at 4 and 6 weeks (as measured using the xylenol orange and calceine green Xuorochrome labeling, respectively), bone area percentage and direct boneimplant contact (both measured on HE-stained slices) are listed in Table 1 .
The bone ingrowth depth of the cubic structure was greater compared to the wave structure at 4 and 6 weeks after surgery (1.18 vs 0.78 and 1.47 vs 0.98 mm, respectively; p = 0.009). Contrastingly, the wave structure showed better results for bone area percentage than the cubic (p = 0.009) ( Table 1) . The bone-implant contact of the new topographic surface structures was comparable to the titanium plasma sprayed control. No signiWcant diVerences in bone-implant contact were observed throughout the four tested surfaces (p = 0.400), due to a large variation for the wave structure and the control surfaces (Table 1) .
Statistical analysis showed that diVerences between the goats did not aVect the bone-implant contact (p = 0.195). However, the location of the implantation had an eVect on the bone-implant contact; it appeared that the direct bone implant contact was less in specimens implanted dorsally of the femoral trochlea relative to the two condyle areas (p = 0.027).
Discussion
Electron beam melting is a relatively new technique capable of producing complex 3-dimensional geometries [21] . With this technique many possible surface characteristics can be engineered thus aiding in the development of an optimal surface structure for bone ingrowth for cementless prostheses. In this study two controls were selected; a titanium plasma sprayed and a sandblasted specimen. The titanium plasma spray coating was selected as this coating is already widely used on femoral stems. Coated stems produce good medium-to long-term survival rates [23] and they perform better than uncoated cementless stems [26] . The plain sandblasted control was chosen to determine the eVect of the E-beam technology itself.
Some limitations of the present study should be acknowledged. First of all, the frictional properties in contact with cortical bone were determined, whereas a prosthetic surface is also in contact with trabecular bone. The friction coeYcient of a metal surface on cortical bone is generally lower than the same specimen on trabecular bone [27] [28] [29] . Therefore, the reported friction values are probably in the lower range of frictional values that occur around a hip prosthesis. Secondly, no chemical surface analysis was performed. Thirdly, the results for bone ingrowth showed a large variability, partly due to the rather large tolerance of the E-beam technology and diVerences in implantation location. Although not statistically signiWcant it is likely that in between goat diVerences, overall biological variability and unavoidable diVerences in surgical precision (i.e. the quality of the press Wt implantation) will aVect this.
In this study the frictional properties of the surfaces were determined as these values have a direct eVect on the stability potential of the metal surface relative to the bone surface. Obviously, the friction is inXuenced by the roughness of the metal structure and we considered quantifying the roughness of the investigated surfaces. However, it appeared to be impossible to deWne the roughness of the new surface structures accurately, because of the three dimensional character of the new surface structures.
The friction coeYcients of the new E-beam specimens were signiWcantly higher compared to the sandblasted specimens and are in the same range of the titanium plasma sprayed control. Since implants with a titanium plasma sprayed surface have a high survival rate (indicating suYcient initial stability) [23] , it can be deduced that the two new surface structures can also provide suYcient initial stability (albeit that this will also largely depend on prosthetic shape). Several other studies have reported the frictional properties of coatings for orthopedic implants (Table 2) [9, [27] [28] [29] [30] [31] . Although the values of the friction coeYcient may depend to some extent on the testing method which vary amongst the diVerent studies, comparison to our results indicate that the new surface structures result in relatively high friction coeYcients.
In this study three diVerent methods were used to quantify bone ingrowth; all have advantages and disadvantages with regard to the interpretation of the results. For example, bone ingrowth depth is restricted by pore depth and measuring direct bone-implant contact is the only method which enables comparison of porous and solid specimens.
The amount of direct bone-implant contact of the E-beam produced surface structures appeared to be comparable to the titanium plasma sprayed control. Hence, the new surface structures have the potential to be successful surface structures for orthopedic implants. The cubic structure showed greater bone ingrowth depth compared to the wave structure. On the contrary, the wave structure showed better results for bone area percentage. This diVerence in outcome can be explained by diVerences in the structure of the coating. The cubic specimen has a high porosity and large pores deep inside the core material, which were too deep for the bone to reach in the limited postoperative time (6 weeks) of the study. Consequently bone area percentage of the cubic specimen was less than the wave specimen.
Furthermore, the importance of pore size and porosity inXuencing bone ingrowth is supported by the diVerences in bone ingrowth between the 3-dimensional surface structures and the rough E-beam control. Although made of the same material and manufactured using the same methods, the bone ingrowth of the new surface structures (large pores, high porosity) was greater compared to the sandblasted (plain) E-beam control.
Although it is clear that pore size aVects bone ingrowth, the optimal pore size has yet to be determined. Bobyn et al. [32] considered 100-400 m as the optimum pore size range for bone ingrowth, but revealed no signiWcant diVerences in bone ingrowth between pore sizes in this range and larger pores at 12 weeks after implantation. Similar results were found by Fisher et al. [33] . Bobyn et al. [15] showed that the extent of ingrowth of implants with pores of 710 m was signiWcantly greater compared to those with pores of 550 m at 4 and 16 weeks after implantation. This indicates that 400 m is not the maximum pore size to enhance bone ingrowth.
One setback of a larger pore size and a higher porosity is the length of time it takes for full integration of bone into the implant. Hing et al. [34] showed that the volume of bone ingrowth and the bone-implant contact of specimens with high porosities (80%) increases gradually from 5, 13 and 26 weeks after implantation. Bobyn et al. [15] demonstrated the same eVect for pore sizes of 430 and 650 m. These observations concur with the results of our study showing that the ultimate bone ingrowth is not accomplished for the new E-beam structures in the 6-week study period. Based on the current results bone ingrowth is likely to continue after the 6-week study period and will further anchor the implant to the bone. However, one can expect that ingrowth beyond a certain depth does not enhance the strength of the bone-implant interface, similar as seen for the cement-bone interface [35] .
One of the few studies on E-beam engineered surfaces in the orthopedic literature is reported by Ponader et al. [22] They demonstrated a reduced proliferation of human fetal osteoblasts on porous E-beam produced surfaces, compared to smooth and unprocessed E-beam surfaces. However, in that same study, SEM analysis demonstrated that the cells attached and spread well on all surfaces [22] . This indicates that the E-beam produced material itself does not hamper cell viability and proliferation, but that this may be inXuenced by the micro and macro geometrical characteristics. In contrast to the study of Ponader et al. [22] , the E-beam produced surface structures used in this study were superior compared to a sandblasted E-beam produced specimen.
Several explanations can clarify this diVerence; diVerences in Wnishing surface treatment, testing methods and surface characteristics. With respect to the Wnishing treatment, an additional step was added in the surface structures tested in this study. Before biological cleaning and sterilization a sandblasting step was performed in order to remove all residual powder particles. Regarding the method of testing, it is questionable whether the examination of pre-osteoblastic cell proliferation of Ponader et al. [22] provides valid data for bone ingrowth of prosthetic components. In this process stroma cells probably play a more prominent role [36] . Concerning surface characteristics, two out of the three surface structures tested by Ponader et al. [22] had smaller pores than the structures used in this study. The pore size of the third surface structure was comparable. Additionally, the porosity of these structures was lower as well. The superiority of our structures suggests that a large pore size and high porosity enhance bone ingrowth and support the importance of surface characteristics inXuencing bone ingrowth.
In conclusion, the newly developed surface structures engineered in this study provide suYcient friction at the bone-implant interface thus achieving initial stability. The ultimate bone ingrowth was not accomplished in this study, due to the high porosity and large average pore size of the new E-beam surface structures. However, the bone ingrowth into the new surface structures appears to be comparable to more conventionally made surfaces of clinically successful implants at 6 weeks after surgery.
The results of this study are promising as bone ingrowth is likely to continue after the 6 weeks allotted for this study. Testing of bone ingrowth for an extended period is necessary to support our hypothesis that the new surface structures can provide improved Wxation properties compared to conventionally made surfaces.
